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After unilateral stroke, the dorsal premotor cor-
tex (PMd) in the intact hemisphere is often more
active during movement of an affected limb.
Whether this contributes to motor recovery is
unclear. Functional magnetic resonance imag-
ing (fMRI) was used to investigate short-term
reorganization in right PMd after transcranial
magnetic stimulation (TMS) disrupted the dom-
inant left PMd, which is specialized for action
selection. Even when 1 Hz left PMd TMS
had no effect on behavior, there was a com-
pensatory increase in activity in right PMd and
connected medial premotor areas. This activity
was specific to task periods of action selection
as opposed to action execution. Compensatory
activation changes were both functionally spe-
cific and anatomically specific: the same pat-
tern was not seen after TMS of left sensorimotor
cortex. Subsequent TMS of the reorganized
right PMd did disrupt performance. Thus, this
pattern of functional reorganization has a causal
role in preserving behavior after neuronal
challenge.
INTRODUCTION
Following unilateral brain damage, for example after
stroke, retained and recovered use of the affected limb
is frequently associated with increased activation of dor-
sal premotor cortex (PMd) in the intact hemisphere (Gerl-
off et al., 2006; Johansen-Berg et al., 2002; Seitz et al.,
1998; Staudt et al., 2002). The functional importance of
such changes, however, can be difficult to interpret. In-
creased activation in the intact hemisphere is prominent
in patients with poor motor recovery (Ward et al., 2006).
It may therefore simply reflect the removal of transcallosal
inhibition from the damaged hemisphere (Shimizu et al.,
2002). Nevertheless, TMS-induced disruption of newly
emergent activity in the intact PMd impairs recoveredmovement of the stroke-affected hand (Lotze et al.,
2006), particularly in poorly recovered patients (Johan-
sen-Berg et al., 2002), suggesting that such activity is
functionally relevant.
An alternative way to investigate the functional impor-
tance of new PMd activity is to assess its functional spec-
ificity. If we were to examine subjects in whom only a small
part of the motor system was compromised, we might
predict that induced compensatory changes would be
specific to those functions that are normally mediated by
the compromised area. Normally, PMd is important for ac-
tion selection and the left PMd (lPMd) plays the dominant
role (Amiez et al., 2006; Cavina-Pratesi et al., 2006; Deiber
et al., 1993; Grol et al., 2006; Passingham et al., 1998; Toni
et al., 2002). Therefore, if neural activity in lPMdwere to be
perturbed, we might expect compensatory changes to
occur in the right PMd and perhaps some other premotor
areas. Such changes, however, might only be expected
during action selection, the process for which lPMd is
normally specialized.
Rather than studying patients, the present study used
repetitive TMS to induce mild and transient disruption to
a focal cortical area and fMRI to image resulting compen-
satory changes elsewhere in the brain. The combined
TMS/fMRI approach enabled experimental control over
the focality, onset, and duration of neural interference,
unconfounded by variations in lesion size or location,
symptom severity, or diaschisis. Further, it provided in-
formation about the immediate impact of neural disruption
on activity in connected brain regions. Healthy individ-
uals acted as their own controls, thus providing more clo-
sely matched baseline data than might be possible with
patients.
To investigate the issue of functional reorganization, we
combined an action selection task with low-frequency off-
line TMS. Experiment 1 tested whether fifteen minutes of
1 Hz TMS of lPMd would affect subsequent performance
on an action selection task, or alter corticospinal excitabil-
ity, as assessed by a single-pulse TMS test. Corticospinal
excitability was suppressed. Performance was also dis-
rupted immediately (<4 min) after TMS, but there was no
such deficit during later testing (>4 min). The short-lived
behavioral deficit suggested that a process of adaptive
compensation might have intervened. Experiment 2Neuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc. 479
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(A) Behavioral tasks. In both tasks, a shape was presented on each
trial. In the experimental select task, subjects pressed button 1 (index
finger) in response to a large square or a small circle and button 2 (mid-
dle finger) in response to a large circle or a small square. In the control
execute task, subjects pressed the same button with the same finger in
response to every shape.
(B) TMS/MEP design. In Experiment 1, subjects performed one block
each of the select (S) and execute (E) tasks, after which the baseline
motor-evoked potential (MEP) amplitude was measured. This was fol-
lowed by 1Hz TMS of lPMd (15min). MEPswere remeasured (1) imme-
diately post-TMS, (2) after 7.5 min, and (3) after 15 min. In each interval
between MEP measurements, subjects performed one block of each480 Neuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc.therefore used fMRI to test the hypothesis that TMS-
induced disruption of lPMd would induce a compensatory
increase in activation of the right PMd and other premotor
areas, which would be specific to the process of action
selection. Because our results confirmed this hypothesis,
in Experiment 3 we stimulated left sensorimotor cortex
(SM) to establish the anatomical specificity of the pattern
of compensatory change. Finally, in Experiment 4, we
showed that this pattern of reorganization causally medi-
ates preserved performance. Prior to 1 Hz TMS of lPMd,
stimulation of the right PMd had no effect on action selec-
tion performance. However, after 1 Hz TMS induced
compensatory reorganization, stimulation of the right
PMd caused a behavioral deficit.
RESULTS
Experiment 1
Effect of lPMd TMSon Action Selection Performance
Experiment 1a examined the effect of offline 1 Hz TMS of
lPMd on the subsequent performance of two behavioral
tasks (Figure 1A). The ‘‘select’’ task emphasized the selec-
tion of action: subjects had to select a different button
press response on each trial, according to the identity of
a visual cue. A small circle or large square instructed an
index finger response, while a large circle or small square
instructed a middle finger response. The fact that neither
size nor shape instructed responses in a simple way
meant that actions had to be selected with care, even after
practice. By contrast, the ‘‘execute’’ task de-emphasized
action selection: subjects made the same finger move-
ment on every trial regardless of which visual cue was pre-
sented. The execute task enabled us to effectively distin-
guish selection-related from movement-related activity
and thus test the functional specificity of our TMS effects.
In several previous studies, it has been shown that PMd,
especially lPMd, is more active during the select than
the execute task, and that TMS of lPMd has an effect
on the select task but little impact on the execute task
task. Block order was counterbalanced across subjects. Task perfor-
mance was measured pre- and post-TMS.
(C) TMS/fMRI design. Subjects underwent two fMRI sessions, one of
which was preceded by 15 min of 1 Hz TMS to lPMd (Experiment 2)
or a control site in left sensorimotor (lSM) cortex (Experiment 3). The
order of scan sessions was counterbalanced across subjects. During
each fMRI session, subjects performed alternating blocks of the select
and execute tasks interleaved with rest blocks in which they passively
viewed the stimuli. There was a 4 min interval between the end of 1 Hz
TMS and the start of the post-TMS fMRI scan.
(D) Cortical stimulation sites. Each circle represents the MNI coordi-
nates for an individual subject at which TMS was applied to left PMd
(lPMd) (n = 9), or left sensorimotor cortex (lSM) (n = 11). It is clear
that lPMd sites cluster above the superior branch of the precentral
sulcus (pcs), while lSM sites cluster above the central sulcus (cs). Sec-
tions represent the group average saggital plane (PMd, x = 26; SM,
x = 35). Dashed line denotes y = 0. Coordinate range for lPMd:
37 < x < 21, 14 < y < 15, 68 < z < 79; and lSM: 53 < x < 22,
31 < y < 12, 63 < z < 75.
Neuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc. 481
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ham et al., 1998; Schluter et al., 1998, 1999; Mochizuki
et al., 2005).
We compared subjects’ performance on both tasks be-
fore and after 15min of 1 Hz TMSwas applied offline (while
no task was being performed) to lPMd (Figures 1B and
1D). There was no measurable change in select task per-
formance after 1 Hz TMS. A repeatedmeasures ANOVA of
reaction times (RTs) with two levels of task (select, exe-
cute) and four levels of TMS (pre-TMS and post-TMS tests
1, 2, and 3) revealed a main effect of task, with longer RTs
on the select than the execute task (F(1,6) = 84.335, p <
0.001). There was, however, no main effect or interaction
of TMS (p > 0.1). A similar error analysis also showed no
effect of TMS. However, since task periods were inter-
leaved with periods of motor-evoked potential (MEP)
recording (Figure 1B), behavioral testing only began ca.
4 min after TMS. To test whether there might be a behav-
ioral deficit immediately after TMS, we performed another
experiment (1b), in which subjects performed the select
task for ca. 4 min immediately before and after 1 Hz
TMS. RTs were significantly delayed after TMS in all sub-
jects (t(6) =4.809, p = 0.003; Figure 2A). Importantly, this
shows that 1 Hz TMS disrupted the function of action se-
lection, detectable as a behavioral deficit in the immediate
poststimulation period (<4 min). However, there was no
such deficit when testing occurred later (>4 min after
TMS). This suggests that, at least for a task of this com-
plexity and TMS of this intensity, the functional disruption
caused by lPMd TMS recovers quickly, implicating a pro-
cess of adaptive compensation.
Effect of lPMd TMS on Corticospinal Excitability
In Experiment 1a, the effect of 1 Hz lPMd TMS on cortico-
spinal excitability was assessed using a technique de-
vised by Gerschlager et al. (2001) (see also Rizzo et al.,
2004). Single TMS pulses were applied to left primary mo-
tor cortex (lM1), and MEPs were measured before and af-
ter 1 Hz offline TMS (15 min) of lPMd. MEPmeasurements
were interleaved with the behavioral measurements de-
scribed above in the same group of subjects (Figure 1B).
Although a one-way repeated-measures ANOVA with
four levels of TMS (pre-TMS, post-TMS 1, 2, 3) was not
significant (F(3,21) = 1.215, p = 0.329), planned contrasts
showed that MEP amplitude was significantly reduced im-
mediately after TMS compared to the pre-TMS baseline
(F(1,7) = 6.166, p = 0.042; Figure 2B). MEP amplitude at
post-TMS intervals 2 and 3 (7.5 and 15 min after 1 Hz
TMS) was also lower than the pre-TMS baseline, but the
difference was smaller and not significant (p > 0.4). We
ran two control experiments. Experiment 1c ruled out the
possibility that the change in MEP amplitude was an arti-
fact of an inflated pre-TMSbaseline caused bymuscle use
during task performance. We repeated the experiment
without task blocks in a new group of subjects. There was
a main effect of TMS (F(3,12) = 9.744, p = 0.002). Plan-
ned contrasts showed that MEPs were suppressed imme-
diately after TMS (p = 0.006) and at the second (p = 0.035)
and third post-TMS intervals (p = 0.055), ruling out thatcritique (Figure 2C). Control Experiment 1d again rep-
licatedGerschlager et al. (2001) by showing thatMEP sup-
pression was a specific effect of stimulation at that anat-
omical site, lPMd, and not merely an effect mediated by
current spread to lM1. We applied the same TMS protocol
without a task to left sensorimotor (lSM) cortex. There was
no effect on MEPs (F(3,12) = 0.449, p = 0.723; Figure 2D).
To confirm that the effect of TMS at each anatomical site
differed significantly, we normalized the MEPs for analysis
Figure 2. Effect of 1 Hz lPMd TMS on Behavior and Cortico-
spinal Excitability
(A) Select task RTs were delayed immediately (<4 min) after 1 Hz lPMd
TMS.
(B) MEPs were measured before and after 1 Hz TMS, interleaved with
blocks of the select and execute tasks. The peak-to-peak amplitude
(mV) of MEPs from left M1 was suppressed after 1 Hz TMS of lPMd.
(C) A control experiment without task blocks replicated the effect.
(D) A control experiment applied 1 Hz TMS to left sensorimotor cortex
and had no effect on MEPs. (*p < 0.05, error bars = 1 SEM).
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site (F(1,8) = 9.713, p = 0.014) and MEPs at the first post-
TMS interval also differed significantly (t(8) = 3.035, p =
0.016).
In combination, experiments 1a–1d confirm that our
1 Hz lPMd TMS protocol both disrupted the function of
action selection, and exerted an anatomically specific,
suppressive effect on left motor corticospinal excitability.
The absence of a behavioral deficit beyond the immediate
poststimulation period (>4 min) suggests that compensa-
tory changes elsewhere in the brain may mediate behav-
ioral recovery after 1 Hz TMS. Experiment 2 used fMRI
to identify where compensatory changes were occurring.
Experiment 2
Action Selection Network Prior to TMS
In Experiment 2, subjects performed the select and
execute tasks interleaved with rest periods while fMRI
was used to measure changes in the blood oxygenation
level-dependent (BOLD) signal. Two fMRI data sets were
acquired: one before (pre-TMS) and one after (post-
TMS) 1 Hz offline TMS (15 min) was applied to lPMd. To
control for potential order or learning confounds, the order
of the pre-TMS and post-TMS scans was counter-
balanced across subjects, so that half the subjects partic-
ipated in the post-TMS session prior to the pre-TMS
session (Figure 1C).
In the post-TMS fMRI session, 4 min elapsed between
the end of TMS and the start of image acquisition. Based
on experiments 1a and 1b, we therefore expected that any
behavioral deficit induced by the TMS would have recov-
ered by the time of scanning. Consistent with this, an anal-
ysis of behavioral RT confirmed that TMS did not disrupt
performance of the select task (Figure 3). Although there
was a main effect of task (p < 0.001) and a significant
TMS * task interaction (F(1,9) = 6.28, p = 0.034), there
was no evidence for a slowing of RT in the select task: if
anything subjects were slightly but nonsignificantly faster
Figure 3. 1 Hz TMS of lPMd Had No Effect on Select Task
Performance
Graph shows mean reaction time (RT) data for the execute and select
tasks from the two fMRI sessions (pre- and post-TMS) of Experiment 2.
RTs were longer on the select task. There was no effect of 1 Hz TMS
of lPMd on task performance during this period (>4 min after 1 Hz
TMS). Error bars = 1 SEM.482 Neuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc.after TMS (p > 0.18). The TMS * task interaction was driven
by the fact that after TMS there was also a tendency to
perform the execute task more slowly, but the simple
main effect was only marginally significant (F(1,9) =
3.945, p = 0.078). Block-by-block analyses found no evi-
dence of learning within or across the two scan sessions
(see Figure S1 in the Supplemental Data available with
this article online), nor was there any evidence of a behav-
ioral deficit in the first blocks of the post-TMS session.
In the pre-TMS session, subjects activated the
expected left hemisphere dominant premotor-parietal
network more during performance of the select than the
execute task (Figure 4; Table S1). There was bilateral
activation along the intraparietal sulcus (IPS) and in PMd
and additional activity in the cerebellum and the sup-
plementary motor area (SMA). Consistent with previous
reports, activity was more spatially extended in the left
hemisphere (Figure 4), although the trend toward higher
activity in left than right PMd did not reach significance
(Figure S2). Several authors have shown that the network
of areas revealed by this and similar contrasts mediates
action selection (Amiez et al., 2006; Cavina-Pratesi et al.,
2006; Deiber et al., 1993; Grol et al., 2006; Rushworth
et al., 1998; Toni et al., 2001), and so we refer it from
here onward as the action selection network.
Figure 4. Action Selection Network Prior to 1 Hz TMS
During select as opposed to execute task performance (select > exe-
cute), subjects activated a bilateral premotor-parietal network. There
was a trend toward stronger and more spatially extended activity in
left PMd (crosshairs) than right PMd.
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An analysis of the interaction between task (select > exe-
cute) and TMS (post-TMS > pre-TMS) allowed us to look
for an effect of lPMd TMS on activity in the action selection
network. As predicted, lPMd TMSwas followed by a task-
specific increase in activation of the right PMd (rPMd). Sig-
nificant activation change was also prominent in the right
cingulate motor area (rCMA) and, though of smaller ex-
tent, there was also significantly increased activation in
the left supplementary motor area (lSMA) and left CMA
(lCMA) (Figure 5; Table S2). Since the activation change
in right primary motor cortex (rM1) was a decrease in de-
activation, which is difficult to interpret, we do not discuss
Figure 5. Compensatory Activation Increases in the Action
Selection Network after lPMd TMS
A whole-brain random-effects analysis showed that lPMd TMS
induced increased activation that was most prominent in rPMd and
the rCMA. Additional changes were seen in rM1, the lSMA, and the
lCMA. For each of these regions, the graphs show mean percent
BOLD signal change (%BSC) values for each task (select/execute)
and TMS condition (pre-/post-TMS). Note that the TMS-induced acti-
vation increases are specific to the process of action selection. White
bars = execute; black bars = select. Error bars = 1 SEM.it further. A parallel analysis using the same factor of TMS
and an execute > rest task comparison did not identify any
activation changes specific to the execute condition.
To clarify the nature of the activation increases, spheri-
cal region of interest (ROI) masks were centered on the
peaks of each of the five activation clusters andmean per-
cent BOLD signal change values in these ROIs were cal-
culated. In case there were changes in activation over
time, both pre-TMS and post-TMS fMRI periods were di-
vided into three 5 min time blocks for analysis. To confirm
that the activation increases were task specific, signal
change values for the select and execute tasks were
contrasted across conditions using repeated measures
ANOVA (site * TMS * task * time). Each of the four main
effects was significant (all p < 0.026). There was also a sig-
nificant interaction of TMS * task (F(1,10) = 15.055, p =
0.003), indicating that the effects of TMSwere task depen-
dent. The critical task was the select task; two separate
follow-up ANOVAs (site * TMS * time) showed an effect
of TMS on signal change in the select (F(1,10) =18.361,
p = 0.002) but not in the execute task (F(1,10) = 0.173,
p = 0.686). This analysis thus confirmed the functional
specificity of the TMS effect. Following lPMd TMS, there
was increased activation of four regions in the action
selection network (rPMd, lSMA, rCMA, lCMA, and a
decrease in deactivation in rM1), which was specific to
periods when subjects were performing the task empha-
sizing action selection, rather than repetitive execution
of the samemovement. The lack of any significant interac-
tions involving TMS and time suggested that the impact of
TMS on the five areas of activation change did not change
significantly over the three 5 min time blocks.
Neither a whole-brain nor an ROI analysis revealed evi-
dence for task-related activation changes in the area un-
derneath the PMd TMS coil. There was also no evidence
of TMS-induced deactivation elsewhere in the brain.While
task-related activation changes in the stimulated cortex
might reasonably be expected, the TMS/fMRI literature
is consistent in reporting no such changes after sub-
threshold TMS (e.g., Rounis, et al. [2006]). The question
of why this is the case, and the implications it raises for in-
terpreting TMS effects, requires further investigation (see
Supplemental Data for further discussion of this issue).
In addition to the factorial analysis described above, we
also used a psychophysiological interaction (PPI) analysis
(Friston et al., 1997) to identify areas of the action selection
network in which the correlation with lPMd activity
changed as a function of both Task and TMS. In other
words, the analysis identified areas in which the BOLD
signal was predicted by the interaction between activity
in lPMd, the select > execute task contrast, and the pre-
TMS versus post-TMS contrasts. It should be noted that
a PPI analysis and a factorial analysis are differentially
sensitive. Whereas the factorial analysis detects a mean
change in task-specific activity after TMS, the PPI analysis
identifies areas that show a change in correlation with the
TMS-induced activity change in lPMd. Hence, areas of in-
creased activity after TMS need not be identified by theNeuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc. 483
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region does not change its correlation with lPMd. We
restricted the PPI analysis to a liberal mask of the action
selection network, defined as all voxels activated during
the select task (pre-TMS select > rest contrast), using an
activation threshold uncorrected for multiple comparisons
(Z > 1.96) and a cluster extent threshold of 10 voxels. The
PPI analysis identified a number of clusters, all in the left
hemisphere, that changed their correlation with lPMd
activity after TMS, specifically: sensorimotor cortex, pos-
terior IPS, SMA, and CMA (Figure 6; Table S3).
These changes in correlation mean that for every
change in lPMd activity during the select task, these areas
within the left hemisphere action selection network
showed a proportionally greater change in activity after
TMS than before. Such a pattern is consistent with either
increased responsiveness of these areas to input from
lPMd or a possible compensatory change in these regions
if the lPMd activity is no longer effective in bringing about
action selection.
Experiment 3
Effect of Left Sensorimotor TMS on the Action
Selection Network
Experiment 3 investigated whether the pattern of task-
specific activation increases in Experiment 2 was a spe-
Figure 6. Areas in the Action Selection Network Showing Al-
tered Patterns of Correlated Activity with lPMd after 1 Hz TMS
After TMS, there was a change in correlation between activity in the
stimulated region (lPMd) and activity in other areas of the left hemi-
sphere action selection network. For illustrative purposes, the areas
of activation change (blue clusters, Z > 1.96) are superimposed on
the network activated during select task performance (red, select >
rest). The graphs show representative changes in correlation between
activity in lPMd and activity in the lpIPS and lCMA. Although areas of
changed correlation were identified using a random effects analysis,
for illustrative purposes each data point represents the mean %
BOLD signal change for one 5 min block for a single subject. Open cir-
cles and thin regression line represent pre-TMS data, closed triangles
and thick regression line represent post-TMS data.484 Neuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc.cific consequence of lPMd TMS, a general consequence
of disruption of the left hemispheremotor system, or an ar-
tifactual consequence of some other aspect of the TMS
procedure. Subjects performed the same select, execute,
and rest blocks, but TMSwas applied to the left SM cortex
(Figure 1D) rather than to lPMd. All procedures were iden-
tical to Experiment 2.
Left SM TMS had no effect on performance of either
task (p > 0.2). As in Experiment 2, subjects activated the
same left hemisphere dominant premotor-parietal net-
work during action selection (Figure S2). The same region
of interest analysis that had been used in Experiment 2
was used again in Experiment 3 to search for any task-
specific TMS-induced changes (Figure 7). Unlike after
lPMd TMS, there was no evidence of any task-specific
change in activity after left SM TMS in rPMd, rM1, the
lSMA, or the CMAs. To confirm that the effects of lPMd
and lSM TMS differed significantly, we compared the
mean percent BOLD signal change in these ROIs across
the two experiments (ANOVA, experiment [2 versus 3] *
task * TMS [pre-, post-] * ROI). The three-way interaction
of experiment, TMS, and task was significant (F(1,20) =
6.910, p = 0.016). This confirmed that the observed pat-
tern of functionally-specific reorganization was also an
Figure 7. Compensatory Activation Increases Are Anatomi-
cally Specific
In Experiment 3, a whole-brain random effects analysis showed that
TMS of lSM had no effect on activity in the action selection network.
To confirm the absence of a subthreshold pattern of activation change,
ROIs were centered on the regions in which activity was modulated by
lPMd TMS in Experiment 2. Mean percent BOLD signal change
(%BSC) values for each task (select/execute) and TMS condition
(pre/post-TMS) confirm the absence of any selection-specific activa-
tion change. Error bars = 1 SEM.
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lPMd. A whole-brain analysis confirmed the absence of
any lSM TMS-induced task-specific activation changes
anywhere else in the action selection network.
Experiment 4
Role of rPMd in Preserving Action Selection
Performance
To test if the compensatory increase in rPMd activity had
a causal role in preserving behavior after 1 Hz TMS, we
tested the effect of rPMd TMS. Subjects performed the
select task for 4 min before and after 1 Hz TMS of lPMd.
Since Experiment 1b showed that performance was im-
paired in the first 4 min after TMS (Figure 2A), the post-
TMS session did not begin until 4 min after the end of
the 1 Hz train (just as in Experiment 2). In the pre- and
post-TMS sessions, double-pulse TMS (dTMS) was ap-
plied to rPMd at 100 and 140 ms after the onset of the
shape stimulus—times at which PMd TMS has been
shown to disrupt action selection (Schluter et al., 1998;
Johansen-Berg et al., 2002). ANOVA revealed a significant
interaction between TMS (no TMS, rPMd TMS) and ses-
sion (pre-/post-1 Hz TMS) (F(1,5) = 8.485, p = 0.033; Fig-
ure 8). Prior to 1 Hz TMS, dTMS applied to rPMd had no
effect on select task RTs (t(5) =4.14, p = 0.696), confirm-
ing that the rPMd is not normally critical for the selection of
actions to be performed with the ipsilateral hand. How-
ever, after 1 Hz TMS, dTMS of rPMd significantly delayed
RTs in every subject (t(5) = 2.624, p = 0.047). Thus, the
reorganized rPMd makes a causal contribution to intact
action selection performance after 1 Hz TMS.
DISCUSSION
We set out to investigate two issues: (1) do compensatory
changes occur in the motor system after TMS-induced
disruption of PMd? (2) Are compensatory changes spe-
cific to the specialized functions of the disrupted area?
Left PMd was targeted using a TMS protocol that tran-
Figure 8. Causal Role of the Reorganized Right PMd in
Preserving Action-Selection Behavior
In the pre-TMS session, dTMS of the rPMd (black bars) did not change
select task RTs from baseline (no TMS = white bars). However, after
1 Hz TMS reorganized activity in the rPMd, dTMS caused a behavioral
deficit. Error bars = 1 SEM.siently disrupted action selection performance and corti-
cospinal excitability (Figure 2).
Since the interference effects were short-lived, we rea-
soned that a compensatorymechanismmay have contrib-
uted to action selection. fMRI was used to map activation
in the action selection network before and after lPMd
TMS. A factorial analysis showed that preserved perfor-
mance correlated with increased activation of regions in
the action selection network, most prominently in the right
hemisphere—in rPMd and the rCMA. Additional changes
occurred in two left midline areas, the lSMA and lCMA
areas, and there was a change in relative deactivation in
rM1 (Figure 5). The increased activation of right PMd is
particularly notable because several studies have con-
firmed that right PMd, compared to the left PMd, normally
plays the subdominant role during action selection with
the ipsilateral right hand (Johansen-Berg et al., 2002; Pas-
singham et al., 1998; Rushworth et al., 2003). The PPI
analysis showed that correlations between activity in
lPMd and other areas of the action selection network
were changed by TMS. Since the only difference between
the two fMRI sessions was that one was preceded by
lPMd TMS, the analysis thus showed that reorganizational
changes were a direct causal consequence of lPMd TMS.
Such changes occurred within the left hemisphere and on
the medial wall: in sensorimotor cortex, M1, SMA, CMA,
and in anterior and posterior regions of the IPS (Figure 6).
The combined factorial and PPI analyses thus identified
lPMd TMS-induced changes in the network configuration
mediating action selection.
Importantly, the TMS-induced changes were both func-
tionally and anatomically specific. There was no effect of
lPMd TMS on the network mediating movement execu-
tion. This is consistent with the significantly greater activa-
tion of PMd and the greater RT deficits caused by PMd
TMS in tasks that emphasize action selection by requiring
subjects to select a different action on each trial, com-
pared with action execution tasks, in which subjects
repeat the same movement on every trial (Amiez et al.,
2006; Johansen-Berg et al., 2002; Mochizuki et al.,
2005; Passingham et al., 1998; Rushworth et al., 2003;
Schluter et al., 2001). TMS of a primary sensorimotor con-
trol site (SM) did not lead to adaptive changes in the action
selection network (Figure 7), consistent with the lack of ev-
idence from the same fMRI and TMS experiments for
a dedicated role for SM cortex in action selection. Our
study shows that activation changes that occur when
the motor system is challenged may be adaptive because
theymediate those specific functional processes normally
associated with the disrupted region.
Compensatory Changes after PMd TMS
Are Functionally Specific
Several previous studies have combined TMS with neuro-
imaging in the absence of any behavioral manipulation. It
is established that TMS of one brain area, such as PMd,
can be followed by activation changes in connected areas
(Bestmann et al., 2004, 2005; Chouinard et al., 2003; PausNeuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc. 485
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investigate activation changes that result when TMS is
used to modify behavioral performance. Pleger et al.
(2006) showed that TMS of primary somatosensory cortex
induces an activation increase in the same region and
a correlated improvement in somatosensory discrimina-
tion performance. Lee et al. (2003) showed that TMS of
primary motor cortex induced changes in the stimulated
region and in connected premotor regions while subjects
performed a simplemotor task, similar to the execute con-
trol task used in the present study. Rounis et al. (2006)
reported that dorsolateral prefrontal cortex TMS changes
attentional orienting and induces activation changes in
prefrontal and parietal cortex. The present study confirms
the utility of the combined TMS/fMRI approach pioneered
by these authors, but it also provides important additional
information about this experimental approach.
First, our study addresses the functional specificity of
TMS-induced changes: activation changes in premotor
and parietal areas occurred only during periods of the
select task and not during execute task periods. In other
words, the activation changes occurred during perfor-
mance of the task that would be expected, under normal
circumstances, to be most reliant on the lPMd that had
been disrupted by TMS (Amiez et al., 2006; Cavina-Pratesi
et al., 2006; Deiber et al., 1993; Passingham et al., 1998;
Rushworth et al., 2003; Toni et al., 2002).
Second, it is important to note that the change in task-
related activation in the post-TMS fMRI session was not
accompanied by any change in indices of task perfor-
mance. Although 1 Hz TMS has been shown to disrupt
motor performance (Chouinard et al., 2005) and Experi-
ment 1b confirmed that 1 Hz TMS disrupted the action
selection functions of the lPMd, the deficit was short-lived.
The absence of a behavioral change during the post-TMS
fMRI session of Experiment 2 (>4 min after 1 Hz TMS) en-
abled us to isolate a neural process of adaptive compen-
sation that was not confounded by performance-related
effects.
Finally, it should be noted that the functional specificity
of TMS-induced changes in the right PMd suggests they
are not just a trivial consequence of the removal of trans-
callosal inhibitory inputs from the stimulated lPMd. Fur-
ther, selection-specific activation increases in right PMd
occurred without any concomitant decrease in lPMd acti-
vation. This argues against interpreting the activation
changes in terms of a simple change in the balance of
interhemispheric competition (Shimizu et al., 2002;
Sprague, 1966).
Compensatory Changes Are Specific
to the Anatomical Region of Interference
To establish the specificity of the compensatory effects,
we also looked for regions of activation change after stim-
ulation of a control site in left primary sensorimotor cortex.
SM TMS neither suppressed MEPs (Figure 2C) nor in-
duced reorganization in the action selection network, con-
firming the anatomical specificity of the lPMd TMS effects.486 Neuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc.Previous studies have shown that online TMS of left SM
impairs aspects of motor performance, but unlike PMd
TMS, such effects are not specific to action selection per
se (Johansen-Berg et al., 2002; Passingham et al., 1998;
Schluter et al., 1999). It is therefore not surprising that we
did not see activation changes in the action selection net-
work after SM TMS. Nevertheless, this does not preclude
a role for SMcortex in the adaptive response to lPMdTMS,
as suggested by the PPI analysis of Experiment 2.
In contrast to PMd TMS, TMS of SM cortex disrupts
performance on tasks that require coordinated move-
ments of several digits, such as grasping (Chouinard
et al., 2005; Nowak et al., 2005). Hence, while SM TMS
did not affect activation in the action selection network,
we would predict that SM TMS combined with a grasping
task would produce an analogous pattern of compen-
satory changes in the cortical network that normally
mediates grasping (Binkofski et al., 1999a, 1999b).
Causal Role of Reorganized Right PMd
in Preserving Behavior
The pattern of functionally and anatomically specific neu-
ral reorganization that we have characterized correlated
with intact action selection performance in the period
>4 min after 1 Hz TMS. If there is a causal link between
this neural reorganization and preserved behavior, then
it follows that disruption of the reorganized activity should
lead to a behavioral deficit (for a related argument,
see Strens et al. [2003]). We tested for a causal link in
Experiment 4 which, consistent with previous work,
showed that the right PMd does not normally make a crit-
ical contribution to the selection of actions to be executed
with the ipsilateral hand (Schluter et al., 1998; Johansen-
Berg et al., 2002). However, after 1 Hz TMS disrupted
the action selection functions of the left PMd, reorganized
activity in the right PMd then became critical for action
selection performance (Figure 8). This demonstrates that
the pattern of neural reorganization mediates behavior
after TMS: if you perturb the activity of the reorganized
right PMd, preserved performance breaks down. Thus,
this pattern of neural reorganization is an adaptive re-
sponse to neuronal challenge.
Compensatory Changes in the Motor System
in Patients
Naturally occurring lesions do not neatly respect
anatomicrofunctional boundaries. If after a large lesion
several functional processes are impaired, it can be diffi-
cult to ascertain with precision whether newly emerging
areas of activity mediate specific recovered functions. Our
results suggest that when neural interference compro-
mises the specialized functions of a particular brain region
(in this case lPMdandaction selection), compensation first
entails the exploitation of connected areas in the existing
network that normally implements those functions. Thus,
at least in the initial stages of adaptive compensation,
recruitment of the right PMd is likely restricted to those
functions for which it is already specialized.
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restricted to lPMd, and compensatory changes occurred
in right PMd. The right PMd is part of the action selection
network, and has a role in selecting actions based on
learned associations with arbitrary stimuli. However, com-
pensatory activation increases also occurred in other pre-
motor association areas, notably the right CMA. Although
the CMA, like the SMA, may not normally play a central
role in selecting actions based on arbitrary visual cues, it
nevertheless contributes to action selection performance
(Kennerley et al., 2006; Procyk et al., 2000; Tanji, 2001).
Evidence suggests that the PMd may be particularly
well positioned to mediate recovery of a range of motor
functions. For example, two patient studies using com-
bined TMS/fMRI demonstrated that recovered manual
performance on either simple or choice reaction tasks
was mediated by increased activation of the contra-
lesional PMd (Johansen-Berg et al., 2002; Lotze et al.,
2006). One anatomical basis for those findings may be bi-
lateral projections to the spinal cord. Thismay enable PMd
to exert some influence on movements made by either
hand. A caveat is that such projections terminate in ven-
tromedial spinal areas, less concerned with distal limb
movements (Kuypers and Brinkman, 1970), and reliance
on this route may explain why some of those patients
were unable to make individuated finger movements. A
likely alternative route by which PMd could exert control
over ipsilateral finger movements is via interhemispheric
connections with contralateral M1. Such connections
are known to exist in other primates (Boussaoud et al.,
2005; Marconi et al., 2003), and in a recent study using dif-
fusion-weighted MRI, we have found evidence for similar
connections in the human brain (E.D. Boorman, J.O’S.,
C. Sebastian, M.F.S.R., and H.J.-B., unpublished data).
Functional connections have been demonstrated using
dual-site TMS: TMS-induced activation changes in PMd
have a causal impact on contralateral M1 at short laten-
cies (Baumer et al., 2006; Mochizuki et al., 2004; J.O’S.,
C. Sebastian, E.D. Boorman, H.J.-B., and M.F.S.R.,
unpublished data). Even in the healthy state, PMd has a
bilateral role in action selection, and this is especially true
of the dominant lPMd. This baseline bilaterality may also
be an important factor mediating functional recovery from
unilateral injury. Finally, the PMd is an area of the motor
system that is especially important for learning novel vi-
suomotor mappings (Deiber et al., 1993; Petrides, 1985;
Scott et al., 2000). This may mean that the PMd is partic-
ularly well placed to mediate learning of new motor strat-
egies after brain damage results in the normal routes to
action being compromised.
Conclusions
In the initial stages of adaptive compensation for neuronal
interference, the adult brain exploits pre-established pat-
terns of functional specialization. When a key node in an
information-processing circuit is impaired, healthy cortical
networks can flexibly reconfigure processing in a way that
is rapid, functionally-specific, and preserves behavior.EXPERIMENTAL PROCEDURES
Subjects
Fifty-three subjects (28 males) participated in this study (seven in
Experiment 1a, eight in 1b, five in 1c, five in 1d, eleven in Experiment
2, eleven in Experiment 3, six in Experiment 4; ages 21–37). All subjects
were right-handed, reported an absence of psychiatric or neurological
disease in both their personal and family histories, and gave written, in-
formed consent. The study was carried out under permission from the
Central Oxford Research Ethics Committee (COREC 05-Q1606-96).
Behavioral Tasks
In all experiments, subjects performed the same tasks: select or
execute (Figure 1A). On each trial, one of four visual shape stimuli
was presented (large/small circle/square). In the select task, subjects
responded by pressing one of two buttons with the index or middle fin-
ger of the right hand depending on a learned rule; a large square or
small circle instructed an index finger response (button 1); a large circle
or small square instructed a middle finger response (button 2). The
stimulus-response mappings were counterbalanced across subjects.
The four stimuli differed in both shape and size, so accurate perfor-
mance required care, even after practice. In the execute task, subjects
pressed the same button with their index finger in response to every
shape. In Experiment 1a (Figure 1B), subjects alternated between per-
forming blocks of both tasks. Each block had 60 trials, and block order
was counterbalanced across subjects. In Experiment 1b, subjects per-
formed the select task for ca. 4 min. Trials were response-terminated
and separated by a variable inter-trial interval (1–1.5 s). The task was
controlled by Pascal software.
Experiment 1: Effect of 1 Hz lPMd TMS on Behavior
and Corticospinal Excitability
The aim of Experiment 1a was to establish whether the 1 Hz lPMd TMS
protocol would affect (1) task performance or (2) corticospinal excitabil-
ity. A previously used method, involving single-pulse TMS of M1
(Gerschlager et al., 2001; Rizzo et al., 2004), was used to assess
changes incorticospinal excitability.Oneblockofdatawasacquiredbe-
fore the application of 1 Hz lPMd TMS, and three blocks were acquired
afterwards. In each block, MEPs were recorded from the first dorsal in-
terosseous (FDI) muscle of the right hand during TMS of left M1. Single
TMS pulses were applied at that intensity sufficient to evoke an MEP of
1 mV mean amplitude from the relaxed FDI on ten consecutive trials.
The 1 Hz TMS train was applied to lPMD at 90%of activemotor thresh-
old (AMT): the intensitysufficient toevokea200mVMEPonfiveoutof ten
trials during a 10% of maximal FDI contraction (Rossini et al., 1994). To
control for the possibility that muscle use during task blocks had led to
an artificially inflated baseline MEP, we repeated the experiment (1c)
with the task blocks removed. In a second control experiment (1d), we
applied the identical procedure to a sensorimotor cortex control site.
FDI MEPs were recorded with Ag-AgCl electrodes using a tendon-
belly montage. Electromyographic (EMG) responses were amplified,
filtered, and sampled using a CED 1902 amplifier, a CED 1401 analog-
to-digital converter, and a Pentium 4 computer running Signal (version
2.14) software (Cambridge Electronic Design Ltd.). The sampling rate
was 10 kHz (Experiment 1a) or 5 kHz (1c, 1d), and signals were band-
pass filtered between 10 and 10,000 Hz (1a) or 10 and 1000 Hz (1c, 1d).
A biphasic Magstim Super Rapid machine (Magstim Company) was
used to deliver 1 Hz TMS through a 70 mm figure-of-eight coil. The coil
was held tangential to the skull, oriented 45 to the midsaggital axis,
inducing lateromedial current flow. The coil was replaced after
7.5 min to avoid overheating. Coil changeover took approximately
30s. MEPs were measured using a monophasic Magstim 200.
In Experiment 1a, behavioral and MEP data collection was inter-
leaved both before and after 1 Hz lPMd TMS (Figure 1B). In brief, sub-
jects first performed alternating blocks of both tasks. Single-pulse TMS
was then applied to left M1 to yield the baseline MEP measurement.
Subjects then received 15 min of 1 Hz lPMd TMS at 90% AMT. MEPNeuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc. 487
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TMS and after approximately 7 and 15min. Subjects performed blocks
of both tasks during the periods between MEP recordings.
Experiment 2: Effect of 1 Hz lPMd TMS on the Action
Selection Network
The day before scanning each subject practised the task and the AMT
was established. Practice was refreshed briefly prior to the first fMRI
scan. Subjects underwent two fMRI sessions (15 min each) on the
same day, one of which was preceded by 1 Hz lPMd TMS (15 min,
90% AMT). Scan order was counterbalanced so that half the subjects
participated in the post-TMS session prior to the pre-TMS session
(Figure 1C). A 45 min interval occurred between scan sessions.
In the post-TMS session, the time required for scanner setup meant
that ca. 4 min had elapsed between the end of 1 Hz TMS and the onset
of fMRI data acquisition. During the interval, subjects were asked to
interact with the experimenters as little as possible. They were moved to
the immediatelyadjacentMRIscanner roomandwereonly required toac-
tively take the last few steps into the room and get onto the scanner bed.
In addition to select and execute task blocks, there were also base-
line rest blocks in which subjects passively viewed the same stimuli.
Prior to block onset, an instruction cue (1 s) signaled block type (se-
lect/execute/rest). Shapes were also color-coded to remind subjects
of the current block type (select = red, execute = green, rest = blue).
Subjects performed 36 task blocks per fMRI session. Blocks were
presented in a pseudorandom and counterbalanced order, cycling in
threes, such that four blocks of each type were performed every
5 min. Each block contained 17 trials. On each trial, the stimulus was
presented for 700 ms, followed by a 700 ms response window. Sub-
jects were instructed to respond as quickly and accurately as possible.
The task was controlled by Presentation software (Psychology Soft-
ware Tools, Inc.) running under Windows XP. Visual stimuli were
back-projected onto a screen and viewed through a mirror.
Experiment 3: Effect of 1 Hz lSM TMS on the Action
Selection Network
Identical procedures were followed from Experiment 2, except that
TMS was delivered to left SM.
Experiment 4: Causal Role of the Reorganized Right PMd
in Preserving Behavior
Subjects performed two blocks of the select task (4 min), one before
and after 1 Hz lPMd TMS. Since Experiment 1b showed that perfor-
mance was impaired within the first 4 min after stimulation, the post-
TMS session did not begin until 4 min after the end of the 1 Hz train.
Note that the timing is the same as in fMRI Experiment 2. Each block
had 90 pseudorandomized trials: 60 no-TMS trials and 30 TMS trials.
On TMS trials, dTMSwas applied to right PMd (at 100 and 140ms after
the onset of the shape stimulus—times at which PMd TMS has been
shown to disrupt action selection: Schluter et al., 1998; Johansen-
Berg et al., 2002). Median RTs were analyzed to test for a change in
the effect of rPMd stimulation before and after 1 Hz TMS of lPMd.
Localization of lPMd and lSM TMS Sites
TMS was applied to the left motor cortex hot spot, defined as the
optimal scalp position at which the lowest intensity TMS evoked a
just-noticeable twitch from the relaxed right FDI. The sites for 1 Hz TMS
were localized relative to the hot spot scalp coordinates: 2 cm anterior
and 1 cm medial for lPMd; 1 cm posterior for the lSM control site
(Figure 1D). Previous studies have shown that TMS at these respective
sites leads to gradeddissociable effects onboth brain activity andRT in
action selection andexecution tasks (Chouinard et al., 2003; Johansen-
Berg et al., 2002; Koch et al., 2006; Lee and van Donkelaar, 2006; Mo-
chizuki et al., 2004, 2005;Passinghametal., 1998;Schluter et al., 1999).
The two TMS sites were verified anatomically using Brainsight
frameless stereotaxy (Rogue Research). Each subject’s head was first
coregisteredwith their anatomicalMRI in native space, and a trajectory488 Neuron 54, 479–490, May 3, 2007 ª2007 Elsevier Inc.was plotted from each scalp location at which TMS was applied onto
the cortical surface using Brainsight software. Individual subjects’
structural MRI scans were then normalized to the MNI 152-mean brain
T1 template. lPMd TMS was applied just anterior to the dorsal branch
of the precentral sulcus (mean MNI coordinates, x = 25.7 [SE ± 1.7],
y = 3.83 [±3.04], z = 73.5 [±1.3]), corresponding well with published
coordinates and sulcal landmarks (Amiez et al., 2006). lSM TMS was
applied over the posterior lip of the motor hand hook in the central
sulcus (mean MNI coordinates, x = 35.1 [± 2.6], y = 27.3 [± 1.9],
z = 70.7 [±1.2]), which also concurs with previous studies (Chouinard
et al., 2003; Johansen-Berg et al., 2002). To confirm that 1 Hz TMS
at 90% AMT did not evoke muscle twitches, subjects received 30 s
of TMS at each site. No MEPs were evoked from the relaxed right
FDI at that stimulation intensity (intensities in % of stimulator output,
Experiment 1, 39%–56%, mean = 49.4; Experiment 2, 27%–57%,
mean = 41.5; Experiment 3: 34%–54%, mean = 41.9).
MRI Data Acquisition
BOLD fMRI images and T1-weighted anatomical images were ac-
quired on a 3T SiemensMR scanner with amaximum gradient strength
of 40 mT $ m1. BOLD fMRI data were acquired by using echo planar
imaging (EPI) (25 3 5mm thick axial slices positioned from the top of
the brain, with a base resolution of 64 mm, matrix size 1923 192, field
of view 1923 192 mm2, giving a voxel size of 33 33 5 mm, repetition
time = 1.5 s, 620 volumes, echo time =30 ms, and flip angle = 73). A
T1-weighted anatomical image was acquired for each subject by using
a FLASH sequence (repetition time = 3 ms, echo time = 4.71 ms, and
flip angle =80, giving a voxel size of 1 3 1 3 1 mm).
fMRI Analysis
fMRI data were analyzed using tools from the FMRIB Software Library
(www.fmrib.ox.ac.uk/fsl). At the first level (within-subjects), prepro-
cessing involved several stages. The first four EPI volumes were
deleted owing to tissue relaxation artifacts. Motion was corrected
using MCFLIRT (Jenkinson and Smith, 2001). The program produced
six motion-correction parameters that were used as regressors in
the design matrix. Nonbrain structures were removed using BET
(Smith, 2002). The data were spatially smoothed using a 5 mm Gauss-
ian kernel of full-width at half maximum. Each dataset was normalized
by a single scaling factor (‘‘grand mean scaling’’), whereby each
volume in a 4D dataset is normalized by the same value, to allow for
cross-subject statistics to be valid. High-pass temporal filtering with
a 90 s cut-off was used to remove low-frequency drifts. MELODIC
(Beckmann and Smith, 2004) was used out to identify and remove
artifacts related to headmotion and to an intermittent fault in the radio-
frequency head coil. The resulting denoised time series data were
analyzed using a general linear model (GLM) approach. Registration
to standard space was carried out using FLIRT (Jenkinson and Smith,
2001). Statistical analysis was carried out in FEAT v.5.63 using FILM
with local autocorrelation correction (Woolrich et al., 2001). The hemo-
dynamic response function was modeled as a g function, a normaliza-
tion of the probability density function of the g distribution with zero
phase, standard deviation of 3 s, and a mean lag of 6 s.
Head motion was modeled by six regressors of no interest that were
orthogonalized with respect to the rest of the design. The explanatory
variables (EVs) and motion covariates were modeled with their tempo-
ral derivates. In addition tomotion parameters, therewere seven EVs in
the first level model. Block instruction cues were modeled as transient
events of no interest (1.5s = 1TR). Since the MEP data (Experiment 1b)
suggested that the effects of 1 Hz TMS might be maximal immediately
poststimulation and decay during the session, the time-series data for
both fMRI sessions were divided into three 5 min blocks for analysis.
This yielded six main EVs for each fMRI session, one per task (se-
lect/execute) and block (1st/2nd/3rd). Each EV specified the onset and
duration of task periods during each block (four periods of each task
in each 5 min block, each task period lasting 27 s). FEAT was used
to fit this model to the data, to generate parameter estimates for
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estimates against one another (e.g., select > execute in 1st block).
To generate statistical activationmaps for each of thewithin-session
EVs and to test for an effect of TMS across sessions, random effects
analyses were applied to the whole-brain group data for each experi-
ment and session using FLAME. Group Z (Gaussianized T) statistic
images were thresholded using clusters determined by Z > 2.3 and a
corrected cluster extent significance threshold of p = 0.05. To clarify
the nature of the activation changes induced by TMS, a series of spher-
ical regions of interest (radius 0.9 cm) were centered on the peaks of
activation clusters identified by the whole-brain analysis. Since the
clusters were interconnected, ROI dimensions were chosen to avoid
overlap and ‘‘double counting’’ of adjacent clusters. The ROIs were
within the ‘‘effective spatial resolution’’ of TMS because we have pre-
viously shown dissociable behavioral effects of lPMd and lSM TMS on
action selection at scalp sites 2 cm apart. Mean percent BOLD signal-
change values (versus rest) in these clusters were calculated for each
of the six main EVs in our model (i.e., select/execute in 1st/2nd/3rd 5min
blocks). These parameter estimates were then contrasted across con-
ditions using repeated measures ANOVA. An additional sphere was
generated to capture any potential subthreshold activation changes
that might occur in the region underneath the TMS coil. The sphere
was positioned using Brainsight coordinates from the cortical surface
and centering the sphere one radius distance inward from that point
along a trajectory perpendicular to the angle of orientation of the
coil. MNI coordinates for lPMd were centered at x 18, y 4, z 64,
and were confirmed to capture lPMd activity for the contrast of select
> execute in both the Pre- and Post-TMS fMRI sessions. The search for
TMS-induced deactivations elsewhere in the brain was constrained
to those regions captured by a mask of either movement task (i.e.,
select/execute > rest).
Finally, a PPI approach was used to test for changes in the correla-
tions between activity in lPMd and activity in other motor areas (Friston
et al., 1997). The mean time course across all voxels within the lPMd
ROI was found for each session and de-meaned. The first-level design
matrix for the PPI analysis included two EVs which were the interaction
between the lPMd time course for that subject and the select > rest
regressor (EV1) or the execute > rest regressor (EV2). Our contrast of
interest was EV1 > EV2, which identified voxels showing a greater cor-
relation with lPMd activity during the select than the execute task. A
random effects higher-level analysis identified voxels captured by
this contrast in which activity differed in the post- versus pre-TMS ses-
sion. This higher-level analysis was restricted to all voxels activated
during the select task (defined by select > rest pre-TMS), using an ac-
tivation threshold uncorrected for multiple comparisons (Z > 1.96) and
a cluster extent threshold of ten voxels. Spherical ROIs were centered
on peaks of clusters identified thus. Mean % BOLD signal change
in these ROIs was calculated for the select > rest contrast for each
5 min block. These values were plotted against the equivalent values
for the lPMd ROI, and regression lines were fitted to the pre- and
post-TMS data to allow for visualization of the PPI effects.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/3/479/DC1/.
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